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ABSTRACT

_ report _ the work accomplished through compuW _nulation to _ the
impact of tim hydromechanic-_l tu_ine assexnbly (TA) fuel cont_l on rock_ gas ingestion induced

engine mrg_ on the AH-I (Cobra)heliX. These surgesexcitethe lightlydamped torsional

modes of theCobra moor drivetrainand can causeov_orqueing of thetailrotorshaft.

The simulation studies show that the hydromechanical TA control has a negligible effea on drive

train resamnces because its regxx_ is sufficiently attenuated at the resonant frequencies. Hov_cer,

a digital electronic control w_rking through the TA conffol's _, emergency fuel _g

system has been identified as a solution to the _udng p_lem. State-of-tf_e-m sothca_

withintheclcaronicccaU'olcanp_ddc a_dvc damping of the rotor drNc tr_n to diminam _sive

torque spikes duc to any disaabances including mgine surges and aggl_VC helicop_

Modifications to the existing TA hydromechanical control am relatively minor, and existing engine

sensors can be utilized by the electronic control. Therefore, it is concluded that the combination of

full authority digital electronic control (FADEC), with hydromechanical baclozp using the existing

TA oontrol enhances flight saf_y, improves hclicop_ _ r_duces pilot workload...and

prvvides a substantial payback for very little investment.



This isthe finalreport_g work completed under ContractNAS3-26075 duringthe period
September,1992 toOao_, 1992.
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Evans ControlSystems Division.Mr. Ray Zagranskiwas Program Manager and Frank Tokarski,
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A non-linearcompulm"simulationof the ChandlerEvans TA hydmmechanicalfuelcontrol,

LycomingI"53engine,and BellHelicopterAH-I CobraairveNclewas configuredon a 386 based
PC. This simulation is capable of modeling the engine and helicopter _t its _g range

fromengineslartuptomaximum powerand fromsealevelto20,000ft.altitude.

MK66 rocket firings were simulated by disturbing the engine inlet conditions with pressure (P1) and

temperature (T1) pulses representative of hot gas ingestions. These pulses were applied as single

shots and as multiple firings at the two pilot selectable frequencies (6.3 Hz and 8.3 Hz).

It was shown that the hydromechanical fuel control faltered out the high frequency P1 and T1
dima'Mnces from its metered fuel flow and compressor geometry control outputs. Therefore, the

dominant effect to the hdi_ was determined to be the repeated engine surges that occur during

multiple rocket firings. These result in torque disturbances to the rotor drive train at frequencies very
near the tail rotor resonant mode (7.3 Hz). Under these conditions, the lightly damped rotor drive

train resonates beyond the normal operating torque limits of the tail rotor shaft.

Methods of reducing engine power via fuel flow and engine geometry in an attempt to lower the
nominal value of drive train torque and thus the peak torque oscillation were unsuccessfifl. The

simulation revealed that these potentially corrective inputs needed to be applied very rapidly and that

these inputs acted as additional disturbances to the rotor drive train. Therefore, larger resonant
torquespikeswere causedas comparedto doing nothing.

A solution to this dilemma was found to be the incorixnation of "active damping" of the rotor drive

train resonances via the fast combustive torque response of the engine. Combustive torque is that

thennodymmic component of engine output torque that is achieved via additional engine burn flow

at a constant gas generator speed. Since the gas generator does not have to change speed,
combustive torque response is fast. Active damping applies combustive torque in direct opposition

to drive train oscillations in order to reduce their magnitude.

An electronic control with multivariable control algorithms specifically sized to damp the rotor drive

train resonances via the engine's combustive torque was simulated and found to keep tail rotor drive

shaft torque spikes within normal otxa-afing limits. This performance was achieved during single as

well as multiple rocket firings. This controller also provides an inherently faster engine and rotor

speed control loop for normal operation. Thus, transient rotor speed droop and engine torque
overshoots during aggressive manetwe_ are significantly reduced compared to the existing bill-of-
material control. Thus, a side benefit is increased helicopter agility with less pilot workload.
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A p_limimry design of the electroniccontroller was made. Art airframe mounted full authority

el_n.__cm_ control _ tlae most straight forward and cost effective installation. The
_u_t_ .a.mx romms me _ emergency fuel vane in the TA _' ........

t...a ........... --'_.r. . • OL?ilUDI wml_ _

-_mccnamcai control remains operatioml ruth _ts fuel valve not m control of en$im fuel flow.
If failure of the dectm_ control should occta-, fueaflow _ fix_ and the #lot can _ to
the primary hydro_cal control. Thus, the _:f-ttz-art cl_mmic control is backed up by
theexisting TA control. Flight safety is improved as well as heaicopt_ lzrfo_

The estimated cost of adding the FADEC and making modifications to the TA hydro_cal

assembly is equal to approximately the cost of overhauling the existing TA control. Thus a

substantial payback in helicopter safety and perfommm_ can be realized for very little invemnent.

INTRODUCTION

The AH-1 Cobra helicopter has the capability to launch 2.75 inch folding fin aerial rockets (FFARs)

equipped with Mark 66 (MK66) rocket motors to engage battlefield targets. Following a class A

accident in which an AH-1 suffered a tail rotor drive shaR failure while lamx:hing MK66 FFARs,

a joint engineering investigation of the AH-1F helia)pter was ¢x_ucted by the

Qualification Test Directorate (RQTD) of the U.S. Army Aviation T_&nical Test Center and

U.S. Army Aviation Applied Technology _ (AATD). The _ts of this investigation

which recommend an engineinletshieldto deflectrocketexhaustgasesaway from theengineare
contained in a U.S. Army Test and Evaluation Command (TECON0 F'mal Repo_ TECOM Project
No. 4-C0-230-(XX_16, dated June 1991.

Subsequent to this work, the U.S. Army Aviation Systems C_.omma_ (AVSCOM) in conjunction

with the NASA Lewis Research Center directed C"Mnder Evans, the engine fuel control supplier

for the AH-I helicopter, to investigate _tial nxxlifications to the fuel control to alleviate the

rocket fire surge problem. The work at Chandler Evans was based on a computer simulation of the
engine, fuel control, and AH-1 helicopter.

The objectiveof theinvestigationwas not toprecludeengine surge followinghotgas ingestionbut

torecoversmoothly from surge and avoidovem_ueing therotordrivesystem. This objective,if

achiev_l, would have application not only to rocket fuSngs, but to helicopter oIzaztion in general

where inlet distortion effects and engine deterioration can also cause the engine to surge and
potentiallycausedamage to the rotor drive train.
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SIMULATION MODEL

The simulation model is anon-linear _lation of the complete AH-1/T53 engine control system

as illuswa_ in F'_re 1. The 1500 SHP, T53-L-703 ttabosh_ engine is coupled to the Bell

Helieop_ AH-1F Cobra Gunship's rotor drive wain. The _er Evans TA-7 hydmmechanlcal
control is interfaced to the Cobra codq_it and controls engine power in response to pilot commands.

Rotor speed goscming as we..llas engine _g, surge, and blowout protection are provided by
the TA control. Details of the comple_ engine, control and airframe models are included below.

Fuel Control

The Chandler Evans TA control is a fur _ty hyflro_cal assembly that schedules engine

fuel flow, compressor inlet guide vane position, and inawsIag¢ bleed band position for safe engine

operation throughout its operating enw.lope.

A simplified functional block diagram of the TA hydromechanical computer is illustrated in Figure
2. The control law is based on Wf/8, where 8 = P1/14.7. "l'herdote, the proportio_ power

turbine and gas generator speed governors both modulate Wf/8. Tie governor requesting the lowest

Wf/8 is in control of the engine.

Typically, the pilot sets the gas generator governors PLA to maximum. This ptvvides a maximum
power available seaing to pmte_ the engine aga_ _ and ovm_ues- Tt_ collective pitch
stick in the cockpit is then modulated to fly the helicop_. This stick is mechanically coupled to the

[rower tmbine governor lever which schedules low Wfh5 for low collective pitch settings (low power)
and high Wf/8 for high collective pitch settings (high power). This arrangement essentially
schedules, on an open loop basis, the engine power needed to keep the helicopter naor speed

constant at various load requireamats (i.e., collective pitch settings).

However, due to varying flight eondilions such as airspeed, climb and descent rate, rapid collective

pitch pulls/chops, etc. _ acrodymmic rotor loads vary and tend to change rotor speed. The

proportional power govenx_ turbine senses these changes and automatically comImmms Wf/8 (and
thus engine power) to minimize rotor speedchanges. F_ the pilot has the ability to trim
out rotor speed errors during steady flight conditions by ufflizing the beeper motor to adjust Wf/8.

The acceleration and deceleration schedules are functions of N1 and T1 and prcs4de top and bottom

Wff8 limits to tn_lud¢ engine surge and flameout during rapid engine power transitions.

As shown in F'_ 2, the winning Wf/_ is mechanically multiplied by 8. The P1 input prtMdes
altitude comtmmfion by reducing fuel flow and governor gains at high altitude where low fuel flow

is required to match the _dueed engine airflow and to maintain closed loop stability.
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The engine is ftad_ protected fromblow_t and overfuding by minimumand maxL,num memring
valve stops. Fuel shutoff iS accomplished via a set_atamPLA attainted valve not shown in the
simplified ftaz:tional bl_,.k diagram of Figure 2.

compressorialet geomeay actuator posilion is scheduled as a ftmctionof gas generatorspeed
and T1. At low speed, the IGVs are closed to provide stage mmgin. At high speed, the IGVs are

opento provi_ maximum_gine eflidency. Actuator dynamicsare fastandhavebeenneglect!
__y.

The two position (open or closed) compressor bleedband is cona'olled as a ftmction of Wf/6 and gas
generatorspeed. Inlet tempetatu_ biases the N1 trip Ix_nt to effectivelyresultin a ¢otm:_ N1/v/O
scheduie. For low Wf/_ and low speeds, the bleed band remains ope_ _o preclude steady state

e_gine surge. For high Wf/_ and high speed, the bleed band is dosed to provide maximum engine

efficiency. During m;x:eleration ttan_ents (i.e., high Wff_ and low speed) the bleed band is open to
preclude transient surge.

The _, _eacy baclo._pfuel meteringsystemhasnotbeenmodeled.Thissysa_ wasnot
in effect during the rocketfire problemsencounteredin the field, andtheaffoteincluding it in rids
study was _ to be ¢mt of sco_. The eme_e_'y backup fuel _g system consists of a
sepia-ate _g valve, segera_ metering head prcssu_ regulator and a solenoid ac0.hal_ transfer

valve that allows tl_ pilot to switch _ the prirmryand badcap system_ TI_ backup fuel
metedng valve is mechanicallylinkeddin_y to the PLA lev_. A more derailed descritxi_ of this
system is contained in the Prelimimry Design Section as it provides a convenient interface to a
FADEC system that can potentially solve the rocl_ fh'e, _t torque spike problem.

Insumma_,allofthe_ ofu_Ix_engineconU'ol havebeenmodded. Inaddition,the
essentialdynamicsoftheprimaryhydmmechamcalcompul_"andfuelhandlingsectionhavealso
been mtxleled. These are _ as non-linear ftmc&ms in the aaual simulation ctxle but are
depicted as lineariz_ time cons_ts in F'_gure2 to give the readera quick tffetet_ as to the
responseof the various control loops.
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The T_tron Lycoming T53-L-703 engine is a 1500 SHP _ engine _ of a gas

gmeza_ section and a power (or free) tmbine that is coupled to the helicopm" rotor drive train.
Figure 1 shows a schematic of the system and defines speed, pressure, and tempemm_ statiom

theengine.

A functional block diagram of the T53 core (or gas generator) section of the engine is illuswated in

Figure 3. This engine model is commonly zl_red by the industry as an excess torque model.
Metered fuel flow is burned _ relatively fast combus_ dynamics and is compax_ to the

engine steady state req_ to run fuel flow. Any difference generates excess tm-que and thus
NDOT that accelerates or decelerates the gas turbine to a new operating cmditkm.

Tae _ymmic t_.que that is available _obe appli_ to u_e flee utrbine, QF, is a sum ofthe core

engine's steady state output torque and the fast tra_ent torque that is available in the burned eT,cess
fuel flow tl_ is not used by the gas turbine.

The engine model, as shown in Figure 3, is fully non-linear with engine performance a function of

NG, BLEED, and IGV position.

The model is correc_ for inlet air pressure, Pl, and tempe_m_ TI- Therffo_ the etfects of
rocket fire ingestion can be readily simulated by disturbing the mtxkt with Pl and T1 profiles as a

function of tin_

Surge is also modeled on an open loop basis by matching observed engine performance during an
actual surge. The reduction in output t_qee, QF is simulated as shown in Figure 4. Incidence of
hot gases at the inlet triggers the surge which then affects engine output for _y 0.25

seconds.
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Reto¢ Drive Traha

The rotor ddve train consistingof the T53 power turbine, Cobra main rotor and tail rotor, and
associateddrivesha_and gearing is illuswa_ schematicallyin Figure 5. This diagram showsa
4 inerda/3 spring system that acctL,'a_y mc_ls the main and tail _xxor torsional modes. Since these

modes are the prevalent fm:lue_cies observed on flight trace recordings of rrx:ket fL,e surges, the
simplified drive train model was deemed sufficient for the purlxr,es of investigating fuel control
effects.

A finctio_l block diagram of the rrxor drive train m(x_ is given in Figure 6. The m(x_ is non-

linear in that the main rotor, tail rotor and free t_._bine damping terms are a function of flight
condition. However, the block diagram is illustrated in a lineadzed fashion, to give the reader a
quick _ as to the relative magnitude of damping terms present in the chive train.

For the sea level hover, rocket fire condition, a linearized bode plot of the rotor drive train is given
in Figure 7. This shows that the rotor _ is very underdamped with a main rotor torsional mode
of 2.9 Hz and 5.8% critical damping. The tail rotor torsional mode is 7.3 Hz and2.5% of critical
damping. Therefore, it sh°uld be n° surprise that rapid dimh'bances t° this system can er'cite the
torsional modes and result in transient torque spikes.

Airfl-ame

A three degree of _m airframe model including longitudinal, vertical and yaw degrees of
freedom was utilized in the study. The airframe model also includes artat_rnatie heading eonla'ol
that simulates the reaction of a human pilot. This model is proprietary to Chandler Evans, therefore,
a more detailed description is not provided herein.

The airframe model was configured to the AH-I heli_ and a few simula_ llight maneuvers

are enclosed to demeestmm that the mcxlel appmrdma_ AH-1 climb rate, descent rate, max

airspeed, and heading control performance. These traces are enclosed in Ftgures 8 and 9. Based

on these traces, the airframe model was deemed sutticient to evaluate the effect of rocla_tfirings on
the body slates of the _cle.
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DISCUSSION OF RF-_ULTS

The _rn_ model described in the previous section was used to evaluate the effects of rocket fi_

induced engine surges on the Cobra rotor drive Wain. The results are discussed in the following
sections.

Simulation of Rocket F'we Surges

Baseline flight test data was extracted from a U.S. Army Test and Evaluation Command (TECOM)

tirol _ TF:COM _ No. 4-CO-230-(03_16, "A/I-IF _/Mark 66 2.75 inch Fokting

Fin Aerial _3cket Engineering Investigation', June 1991. F'_ E-1 from this report is enclosed

in Figure 10. This data shows a single engine surge as the msult of a simultaneous firing ofapair

of rockets (one from each pod). Engine inlet pressure and temperature, engine fuel flow and

compressor discha_e pressure, and rotor drive train torque spikes ate all shown. Thus, a significant
amount of data is present to correlate the _mulation with test.

Figure 11 shows the simulation of the same event, and _on with critical parameters is
mmmarized in the table below.

Hertz

2.7

7.0

2.7

2.7

N/A

Parameter

Main Rotor Torque

Tail Rotor Torque

Engine Shaft Torque

Fuel Flow Oscillation

Compressor Discharge

Vr=surer op

Test Data Sknulation

Peak

1,1130R-Ib

340 t_-lb

72psi

3.2%

3.4%

3.5%

+ 35pph 3.5%

90% N/A

Hertz Peak

2.9 17130 ft-lb

7.3 350 ft-lb

2.9 90psi

2.9 + 40pph

N/A 90%

where:

- da_o_ raao, _ o! cru_ca/d,n, WOtg
Xs . peak-_at an_liaute of ¢yc_ _V

xo : ne,at- at anw of.ritz cyc 
17. number of cycles (10 typica/)

4.7%

4.5%

4.4%

4.4%

N/A

Table I

Correlation of Hight Test and Shnulatiou of Rocket FLne Induced F,none Surge
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AVG

GROSS
WE_.=HT

(LB)
9670

CG " TRIM AVG

LOCATION DENSITY OAT ROCKET INLET FLK_HT
LONG LAT ALTITUOE FIRED SHIELD CONDITION

(FS) (BL) (FEET) (OEG. C)

197.6 (MID) 0.1 RT 1300 26.0 2 NONE 5 K3" LT SIDEWAR0
80"F

NOTES: 1, MARK _ ROCKET MOTORS USED.

2. M261 I=_OS IN8OARD AND M65 LAUNCHERS OUTBOARD.
3, ENVIRONMENTAL CONTROL UNIT- OFF.

4, SKID HEIGHT - 10 FT.
5. AH.1F USA S_ 76-22S00

SOLIDLINE SHORTDASH MAIN ROTOR TORQUE ('rOR_JESATSS_ R_)

28o ==o iogx /; , • ,.,I. '= _,.7 ,.; ........ -_
z_" ! ',., ," F'-/" '" " ' "-
--¢@.j v

' 410

TAIL ROTOR TORQUE

:: ,, -
,,,,r_ _,;t",,_'.,'_,,..._ o

° '- I I
-!0.000 -214

ENGINE OUTPUT SHAFT TORQUE

= ' _4 ''x V 'J" "" '

Z I-.
13.

0 o

= COMPRESSOR DISCHARGE PRESSURE
_t i= IS

'" r_ / _"-7 1 -- =
n,, iio ,_

' x = =. ---- EN_NS . _'=, - ; su._ -

= o _s

m FUEL FLOW m

_ .................... ----'-'-'-'''''-'-'-''- _ .... 132

INLET CONDmONS

.-
Z O. 14 , Oil

0 1_ '_

T_- _

MK66 ROCKET FIRE FLIGHT TEST DATA (1 PAIR)
Figure 10
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SIMULATION OF MK66 ROCKET FIRE FLIGHT TEST (1 PAIR)

Figure 11
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Peaktail rotor drive sitar torque,osdl]ationf'rcquency,anddampingratiomatch_ exactly with
thetest dam. Ticseare thecriticalpL'anct_, since amil rotor drive shaft failurehas teeth'redin

the field as a x_ult of rod_ _'i_gs.

_Chemain nXor torsio_ mode fmquescy and damping ratio match wen censidmng _e maz_ of
errorin readingthe compressedtime scaleof the flight trace_ However, the peakmain toe-torque
oscillationis 20% higherin the simulation. This alsoa_ects the simulatedshaft torque which is the
sum of main and tail rotor torques. Since the damping ratios of the actual v_ simtdated drive main

areclose,thedif_ intheinitialpeaktorquecanbeamibutedtothe_nulatedeffect of engine

surge on output torque.

The surge model illustmt_ in Figme 4 was left tmchanged because the compressor discharge

pressure drop as a result of surge and the resulting tall rotor s_e due to the sudden _ to
therotordrivetrainwerematchedquiteaccurately.Taese are the most critical _ for the

study.

The single surge traces show that the rotor drive train is very lightly damped. The engine
disturbance causes the drive wain to ring with significant torque oscillations that require

_y 7 _ to die ouL This nmkesthe mot mscx_ble to a secondor third s_e
that can occur duetomultiple rocket firings. F_, multiple rocket _ ate

performed at two pilot selectable frequencies that bracket the tail rotor resonantmodeas shownin

the table below.

l_in Rotor Tor_mal Mode

Slow Rock_ Fire

Tail Rotor Anti-_

Tail Rotor Torsional Mode

Frequency (Hz)

2.9

6.3

6.7

7.3

Fast Rocket Fire 8.3

Table lI

Rocket Fire Frequency vs. Rotor Drive Train Torsional Modes

Thcrefo_ multiple rocket firings l_le a.vetY good chance °f amp,fi_ _t°__ __'_
ilium-ares a simulated, multiplerocketfiring. Three rocket rites at me frequency

engine surges. As ¢cpected, the _Trsional oscinaticm are amplified _ the normal tail rotor

operatingshaftt_que limiL

The effectofthefuelcontroland modificationstothecontrolsystemtoattmuatethesetonltespikes

arediscussedinthefollowingsection.
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SIMULATION OF MULTIPLE ROCKET FIRES (3 PAIR)
Figure 12 .
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P_at_ saution Using the _ TA Hydrumechank_Control

The con_ ofthebill-of-materialTA conl_rolon rotordrivetraintorquespikesisdenxxmrated

bycomparingthesimulatedflighttestdataofFigure11andtheresultsofFigure13wherefuelflow

isheldcon.rantth'uuglx_ttherocketfiretransient.The drivetrain_ areverysimilarwith

peaktorqueosdl]ationsnearlyidentical.

The TA controlattenuatestorsionalf_quencieswhicharepresentinthepowerturbinespeedsignal

by virtueofitsI secondhydrat_claginthepower uabineg_. TI_ controlalsodoesnot

respondto theshortdurationPI and TI inletdi.mzrbancesand does notdinx_y sense engine

compressor discha_ pressure and shaft to_lue which drop off s.zkl_y during an engine surge.
Therefore,itcanbeconcludedthattheTA controlhasa negligibleeffecton rotordrivetraintorque

spikes caused by rocket tim engiue surges.

The fuelcontrolsystemmustbe modifiedtoac'dvely_ enginesurgeortoreacttoenginesurge

insome fashiontoattenuaterotordrivetraintorque

In an attempt to presamt surge, it was assumed that closure of the compressor inlet guide vanes

(IGVs), when synchronized with rrx:ket firings, could go a long way to block the amount of hot
gases enteringtheengineand thereby preclude surge. The IGVs must be modulated _ the
open and closed position for each roclo_tfire because closing down the IGVs for a prolonged time

periodw_ulddegradeenginepov_ andcause lossof rouxspeed and heti_ lift.

Figu_ 14illustratestheeffeaofmodulatingIGVs fora 19shot,multiplerockmfiresalvo.Engine
surgeisnottriggered.However,the_ IGV torquedisaabarx:esnearthetailn3torfrequency

excite the lightly damped Cobra rotordrivetrain. Tail rotor torque spikes ate amplifiedto an

unaccep_le level. Therefore, the rapid modulation of IGVs to l_clude surge is not recommended
as a viable solution.

Another possiblealternativetoallevialingtherocketfiretorquespikesviatheTA fuelcontrolisto

recover fromenginesurgeina snxx_ fashion. Engine output torque couldbe he.lddown upon

detectionof surge,therebyreducingthetailrotordrivesha_torquespike.

Figu_ 15 illustratesthesimulationof a singlerocketfirewithIGV closedimmediatdyupon

detectionof surge.The resultingtailrotortorquespik_issimilar(within15%) tothesimulated
flighttestdataofFigureII.

The IGV input is essentiallytoo late, the rotor drive system _ at too high a frequency

(7.3Hz). Sha_ torquex_dxxmdsfromtheinitialdropintorquedue to engine stagebeforetheIGVs
can do much about it.
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In the simulation results of Figure 15, zero time delay was assumed for surge detection and the IGV

actuator was assumed to be instantaneous. In actual practice, a minimum of 0.1 second of reaction

time must be added which correslxmds to 3/4 of a tail rotor resonant cycle. This would degrade the

results of Figure 15 even more. Therefore, it can be concluded thzt r_e_r,o to surge is too slow

to preclude tail rotor drive shaft torque spikes.

In summary, the attempts to alleviate the drive train resonances in an "open loop" fashion by

triggering off the rocket fire signal or by detecting stage are not viable solutions. The corrective

action taken by the control must be very fast and ev_ more importantly, it must be in direct

opposition to the drive train resonances. If the corrective actions are not phased properly, they could

do more harm than good by exalting the lightly damped torsional modes of the rotor drive train.

A "closed loop" method of attenuating drive train resonances is preferred. This requires a high

bandwidth electronic control that e'hminates the phase shiR due to hydraulic servo lags that are

present in the bill-of-material TA control.

Active Damping via Electronic Control

The architecture for a state feedback controller is illustrated in Figure 16. Additional states from the

rotor drive tmJn including main and tail rotor speeds and shaft torques are combined with typical

engine control signals to create a fuel flow input that is in direct opposition to drive train resonanees.
The fuel flow input works through the fast combustive torque path of the engine as described in

Figure 3 to modulate gas torque, QF, to provide damping at the 2.9 and 7.3 Hz torsional modes of

the rotor drive train.

A freqtmacy response plot of the AH-1/T53 rotor drive train, as defined in Figures 5 and 6, is

included in Figure 17. As shown by the frequency response, the drive train is very lightly damped

at the main and tail rotor torsional, modes. With the electronic, combustive damping loop in effect

however, the torsional modes are significantly attenuated. The performance of this controller during

rocket fires is illustrated in Figures 18, 19, and 20.

For the single rocket fire in Figure 18 that emulates the flight test data, the peak tail rotor torque

is significantly reduced. But more importantly, the drive _ oscillations are damped out in

one cycle. Therefore, multiple rockets can be fired off without fear of amplifying torsional

osdllatior_

Figure 19 shows the performance of the electronic controller during multiple rocl_ fliings. The two

rotor torque spikes caused by the two engine surges are contained within normal operating limits and
the drive train osci_llafiom are damped out in time for the next rocket fire. A bit more rotor speed

droop (2%) than the baseline TA control is realized because the electronic control transiently lowers

fuel flow to fight the drive train overtorque condition. The additional transient rotor speed droop

should be of tittle consequence to the pilot since rotor speed recovers smoothly and quickly to the

reference speed...as compared to the TA hydromechanical control which tends to overshoot and

cause additioml pilot workload.
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A summary of electronic combustive damping performance is given in Figure 20. "Peak tail rotor

torque spikes are at_uated by 25-40% for single and multiple rocket firings as compared to the

baseline system. And, most importantly, tail rotor resonances are damped out quickly such that

repeated rocket firings do not have a chance to amplify the drive shaft natural resonances and

potentially damage the drive system.

Performance Benefits

In addition to damping out the rotor drive train _ the dectronic control provides a fast axor

speed control for normal operation. Figure 21 compares the frequency responses of the electronic

Wi6daand Power Turbine Governor (FFG) with the bill-of-material TA hydromechanical control.

The NF/QD frequency response illustrates the improved disturbance rejection capability of the
Wideband FIG. The effect of a ramp disturbance to the rotor drive train (i.e., collective pull/drop)

causes rotor speed under Wideband FI_ control to change by nearly 1/10 the amount of the TA

control. The NF/NF frequency response shows the improved response of the speed control loop.

The Wideband governor corrects speed errors 50% faster than the TA control.

The effect of improved disturbance rejection and faster speed control results in a more agile and

easier to fly helicopter as demonstrated by Figures 22 and 23.

Figure 22 illustrates a 2 second collective pull from a low power descent into a high _ver climb

with the TA control on board. A 7.5 % transient rotor speed droop is caused by a slow transition

from Power Turbine Governor to the engine's accel fuel flow limit. This is primarily due to the 0.2

to 1.0 second hydraulic lag in the PTG servo that is designed to filter out torsional resonances and

thereby maintain closed kr_p stability. This lag also causes the speed control loop to hunt a bit as

it settles into a new operating condition. This is evident by the 20% torque overshoot and subsequent

settling oscillations at high power.

The net result of this speed and torque control performance is degraded helicopter maneuverability

and increased pilot workkx_cl. Six (6) seconds are required to arrest the descent. And, the nose of

the helicopter swings back and forth as the pilot is working the pedals to maintain heading. With

this type of performance, it should be no surprise that the Cobra gets out-maneuvered in air-air

combat against FADEC equipped airvehicles.

Figure 23 illustrates the same maneuver with the electronic Wideband PTG on-_. A fast

transition from _ turbine governing to the engine's accel limit is achieved which results in

minimalrotm"speeddroop (1%). Torque overslxxXisalsominimal (4%) withno settlingost,hllafion.

Therefore,the descentis arrestedin 3.5 seconds,and heading is maintainedwith littlepilot

workload.

These traces demonstrate that a significant improvement in aircraft maneuverability and handling

qualities can be achieved by adding a FADEC system to the Cobra helicopter.
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pR_-LDVIINARY DESIGN..,FADEC SYSTEM

The results of the pt_ious section clearly point to an clectromc solution of the rocket fire surge

problem. Engine fuelflowmust be modulatedveryrapidlyusingsophisticatedcontrollawsinorder

tokilldrivetrainoscillafionsbcforctheyhavea chancetobuildup.

Thcrdom, a microprocessorbased controll_risrequiredinorder to incorpomm the sophisticated

logicinsoftware.

The TA hydromcchanicalcontrolcontainsa comple(elyscpata_fuelmetring _ foremergency

opetmion. This meteringsystemcan be readilyinterfacedtoa FADEC systemtherebytakingfull

advantageof the electroniccontrol.A singlechannelFADEC can be used,therebylimitingthe

modifications to the aimmR. Electric sensors can be s/mind with existing cockpit instruments.

;_md, flight safety is enhanced because the primary hydromechanical TA control remains on _m_rd

toserveas a backup in caseof failureoftheelectroniccontrol.

Electronic Control Unit

Hard_

Chandler Evans is at the present time completing a full-scale development and certification program

of a "generic" FADEC which is shown in Figure 24. The generic FADEC was designed from the

onset to be adaptable to many applications with minimal design changes. It has considerable

computing power, _tcnsive input/output signal _g capability, is modular in design, and has

provisionfor an applicationboard to accommodam the unique _ts of each particular

installation.

Existing sensors are utilized where possible and shared with cockpit gages as necessary. _,
airframe n'zxlificatiom are minimized. _ FADEC is powered from the aircrafts 28V DC bus and

requitesapproximately100 wattsunder peak loadconditions.

Separate overgx_ protection is provided within the FADEC enclosure. An analog

system with an independent power supply operates through the existing engine mounted

solenoid to chop fuel flow m minimum flow on _on of an _ condition.

The FADEC I/O lines are ememively shielded and filtered to provide lighming _on and EMI

insensitivity to DO 160(2, 200 V/M fields. Therefore, the primary control as well as the oversIxed

system am insmsRive to_t_ upsets.
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Software

The soft-ware architeca._ is illustrated in Figure 25. Range, rate, and diffenmce t_zts are applied

as w_ll as tmsombility tests based on Kalman Filter errom These errors are the differmce _

computed sta_ and actual sensor _ts. Only validated signals are passed on to the engine

control laws.

The engine and ah-vehicle control functions provided by the FADEC system are illustrated in Figure

25 and are described below.

W'Meband Power Turbine Governor

A high _ governor that minimizes transient rotor speed droop and torque _ during
maneuvering flight and damps out rotor drive wain oscillations dating rocket fire surge. Isochttm(x_

(constant spexxO governing is provided in steady state.

Gas Generator Governor
Provides isochronous NG

maximum power.

governing as a function of PLA position _ ground idle and

T4.5 Umiter
Pr_des gas temlgrature limiting during starting to preclude hot starts and for eagine [a,o_on at

high power settings.

Torque Limiter
output shaft torque _t_g to preclude ovetstresfmg the rotor drive trdm during smacly state

as well as transient conditions. Allows the pilot to fly the heli_ at or near the torque limit for

improvedmanetrce_i.ty.

N/RT/"Sc.hedde
The start engine control law is based on NDOT, i.e., gas generator atx_leration ram. This allows

closed loop control of engine starts which is more accurate than the open loop Wf/8 control law
emplo_ in the hyth.omechanical TA control. _, te_x_l¢ engine starts can be achieved

without o_'_nemperamring the engine. During starting, the engine will achieve idle under varying
ambient conditions without hanging because of the closed loop control of acceleration ra_, NDOT.

acre/wf:6
The existing Wf/8 open loop acceleration schedules that are implemented in the TA hydtomechanical
control arc retained in the FADEC implementation. The engine has been qualified with these limits,

therefore, them is no need to change these schedules. F_ the open loop schedules will be
more acowa_ with the digital electnmic implementation, aheteby giving more repeatable transient

perfotmam_
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/gece/wf/_ _
The existing Wf/_ open loop dec_eration scheddes that are implemented in the TA hydro_cal

control arc al_ retained in the FADEC for the same re.(ms as above.

Fuel Limits Range and Rate
Absolute fuel flow limits and rate limits are imposed on the final Wf demand. These preclude

overfueling and flameout and pr_de further checking of processor functionality before actually

positioning the fuel metering valve.

B/eed Band Control

FADEC control of the tmeumafic bleed band actuator is provided via an on/off solenoid valve. The

existing logic that is implemented-in the TA hydromechanical control will be utilized for the same
reasons as above. H_er, this interface is available to improve surge recovery wilJa additional

logic if engine/tiight test shows that it is of benefit.

in summary,sophi_'catedengineand rotor speedc_atrolis pawidedto enhanceflightsafety(rocket
fire torque spikes are eliminated); improve engine perfo_ (repeatable starts, temperatme and

torque limiting); and enhance helicopter mateuvembility and handling qualifies (reduced rotor speed

droop and torque overshoot with less pilot workload). Fur0aennote, extensive fault _ is

provided such that if an electronic control or sensor failure should occur, the fuel metering value fails
fixed at its current position. An indication is given to the pilot at which time he or she can tramfer

to the bill-of-material TA hydromcchanieal control for a safe oontinuation of the flight

TA Control Modifications

The fuel metering section of the TA hydrorr_hartieal omtrol is illumatefl in Figure 26. Two

separate metering systems consisting of a metering valve and dedicated head regulator are provided.

The backup metering valve is positioned by the hydrotmchanical TA computer consisting of speed,

temperature, and presst_ servos and 3-D cams (not _). The priam'y metering valve is a rotary
valve, positioned by an eloctric motor. A transfer valve and solenoA which is actuated by a eock#t

switch determines which metering system is in control of engine fuel flow. The mo¢or and controller

are designed to fail-fixed, thereby giving the pilot time to manually transfer to the TA

hydromechanical control for safe _rttinuafion of flighL
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A layoutdrawing of the DC motor and gearhead interface to the TA control is sh_ in Figure 27.

The new hardware fits in a module placed between the power turbine governor and the cover for

the main hydromechanical computer. The change involves one new casting for the motor module.

In addition, the FIG housing cover must be redesigned for mounting _ Aside from a slight

0.5 inch _t of the fuel discharge port, the only _ge affecting installation is the addition

of an electrical connector. All other interfaoes remain unchanged. Inspection of the actual AH-1

ai_rcm_ installation indicates that these hardware changes ate feasible within the current spa_

limitations.

Engine and Airvehicle Modificatiom

The m_tifications to the AH-1/T53 airvehicle for the single channel FADEC system with the

existing TA hyflromechanical control as backup are summarized below.

Coc_/t

1) No additional inputs are required. The existing e2nergency reversion switch will be used to
transfer between FADEC and the TA control. And, the rotor operates at constant, 100% rpm

when on the power turbine governor, therefore, a speed set adjusanent is not required for

electronic control.

2) Install a FADEC fault lamp and an _ test fault lamp in the cockpit. These give the

pilot an indication of FADEC status and the results of the automatic ovetspeed test which is

performed during an engine start. Based on this infonmtion, the pilot can abort a flight or

transfer to the TA hydromechanical control while in the air to continue the mission.

Eng/ne

1) Install a T1R'I_ at the engine inlet.

2) Install a gear-up mechanism and a magnetic speed pickup, one for Ng and one for NP between

the existing tach generator used for cockpit display and the engine drive pad.

3) Install bleed band control and transfer solenoids in the tmcumafic line feeding the TA control.

The transfer solenoid is aOivated by the existing emergency reversion switch that is used to

transfer between FADEC and the TA control. The bleed band control solenoid is modulated

by the FADEC. Both solenoids are wired such that loss _ dectrical pcm_ causes reversion

to the TA hydromechanical control.

4) Provide an electrical harness for the above engine sensors, the bleed solenoids, the shared QS

and T4.5 sensors, and the TA control to the FADEC.
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aisle
1) Install collective pitch and PLA RVDTs on the linkages between the pilot's stick and the TA

control. -
2) Provide an electrical harness from the above sensors, the shared rotor speed sensor, and 28V

DC power to the airframe mounted FADEC.

As shown above, cockpit and airframe modifications are minor and engine nxxtificatiom are

= straightforward. The major cost of the FADEC system is the FADEC unit itself with its electric
motor interface to the TA control. It is estimated that the cost of the FADEC _ (electronic

control and modifications to the hydromechanical control) is approximately equal to the cost of a TA

hydromechanical control overhaul.

CONCLUSIONS AND RECOMMENDATIONS

1) The AH-I/T53 Cobra rotor drive train ks very tightly damped. Therefore, any significant

disturbances such as mela_t fire surges or potential fuel control or IGV correetiom that are not

phased properly tend to excite the torsional modes of the drive train and cause transient

overtorques.

2) An electronic control, however, modulating engine fuel flow and torque in _ opposition to

drive train resonances has been shown by simulation to damp out torque spikes and hold them

within normal otzrating limits. The el_'tm_ control cart be ttatily inta'fac_ to the existing

TA hydromechanical unit via its separate emergency fuel valve. This controller also provides
an inherently faster engine and rotor speed control loop for normal operation. Thus, transient

rotor speed droop and engine torque overshoots during_ve _ aresignificantly
reduced as compared to the existing bill-of-material control. Thus, a side benefit of increased

helicopter agility with less pilot workload is realized.

3) Because the above work is based on a simulation of the engine, it is recommended that an

engine test be performed whereby high frequemy fuel flow inputs are applied to the engim.

The objectives of this test are to:

a) Verify that rapid fuel flow modulation will not adversely affect the 'I"53engine.

Previous work performed under U.S. Army eontr_ showed that lahisconcept is

feasible using the 250 engine (Reference AVSCOM Technical Reports:
USAAVRADCOM-TR-83-D-I, Adaptive Fuel Control Feasibility Investigation,

dated 1983; USAAVSCOM-TR-86-D-14, Adaptive Electrtmic Fuel Control for
HelicolXers...250 Engine Testing and 206L Helicopter Flight Test, dated 1986).

Tnerdore, a high contidence level exists that the rocket fire problem can be

solv_l by modulating fuel flow as described herein.
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b) Verify the engine's fast path fuel flow m tuque mlafiomhip. Combustive
damping of the drive U'ain _ is highly _t on this gairl. The final

-control design requires an accurate de_ti_ of"this path.

c) Verify the engine's combustor and gas generator small signal response
ctm-acte_cs _ the tail rotor resonant fnxtmm'y of _y 10 Hz.
Again, the final control design requires a good definition of the core engine
mstxaxse.

The engine test can be performed with the existing TA control and an off-the-shelf PC based

controller operating a high response fuel valve that is switched in at various operating conditions
of the engine to modulate Wf about the steady nmning condition.

4) Depending on the _ of the above engine tin, an AH-1/T53 Cobra flight tL_ detmmmat_
is recommended. A single channel FADEC interfaced to the modified TA control is
recommended m insureflight worthy hardware. The objectives of this test are:

a) De_ combustive damping of the rotor drive Wain. Torsionals can be

easily induced on the Cobra drive wain by modulating PLA.

b) DemonsWam enhancedmanetwering capability and handling qualifies.

c) _ insensitivity of the system to rocket fL,'es.

5) Depending on the success of the flight test demcmsaafion and a life cycle cost study, it is
recommended that the FADEC system with TA hydromeclmical backup be considered for
incorporation into a U.S. Army or Natioml Guard fleet of Cobra _ Or, the advanced

control concepts can be incorporated into modem FADEC equipped helicopters such as
Comanche.
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Hst ot SymbolsandA_oayms

AATD

ADOT

AVSCOM

BEEP

BF

BIFFD

BR

BT

C/P

CDP

FADEC

IGV

JF

JGB

JR

JT

KR

KS

KT

N1

NASA

NDOT

NF

NG

NGB

NR

NT

P1

Aviation Applied Technology Directomm CU.S. Army)

Helicopter Vertical Velodty

Aviatkm Systems Command CU.S. Army)

Pilot's Rotor Speed Trim to TA Control

(Fr_) TurbineDamping

Engine Bleed Band Position

Main RotorDamping

Tail Rotor Damping

Pilot's Collective Htch Input

Compressor Discharge

Full Authority Digital Electtrmic Control

Engine Inlet Guide Vane Position

Power (Free) Turbim Inmia

Gear Box Inmia

Main Rotor Inmia

Tail Rotor Inertia

MainRotorMast SpringRate

Engine OuSt Sha_ SpringRate

Tail Rotor Shaf_ Spring Rate

Gas Gctteta_ Speed Comput_ Output (TA Control)

National Ammmics and Space Admini.m_on

Gas _ Acceaetation

(l:r_) TurbimSpeed

Cm Gmmtor Speed

GearBot (Engineto RotorDriveTrain)Speed

Main_ Speed

Tail Rotor Speed

EngineInletPressure
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PAMB

PB

PC

PEDALS

PLA

PM

PN

PS

FIG

QD

QF

ORS

Qs

QTS

SHP

Tl

T1SENSE

T4.5

TA

TE_OM

WF

WFSS

WFMV

XDOr

YAW

8

O

1-

Ambient Pressure

Boost Pump Pressure (TA Control)

PilotsTailRotorPitr,hInput

Power Lever Angle (TA Control)

MeteringValve DischargelhessurcfrA Control)

Engine Nozzle Fuel Pressu_

Servo Presmk_ (TA Control)

Power TurbineGovernor

External Torque Disturbance to Rotor Drive Train

Engine Gas Torque

Main Rotor Mast Torque

Engine Output Shaft Torque

Tail Rotor Shaft Torque

Engine Shaft Horsepower

Engine Inlet Temperature

Lagged T1 Sensor Output (TA Control)

InterstageTurbineTemperature

Turbine Assembly

Test and Evaluation Command (U.S. Army)

Engine Fuel Flow

Engine Steady State Fuel Flow

Metering Valve Position (TA Control)

Helicopter Forward Velocity

Helicopter Heading Change

Pl/14.7

frl + 460)/519

IJneanzed First Order Time Constant
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